A synthetic heptaribonucleotide, GACCCCC, which is complementary to a unique site on fd bacteriophage DNA, primes DNA synthesis of fd by T*4 bacteriophage DNA polymerase. The rate of the GACCCCC-primed DNA synthesis was not uniform as reflected by the appearance of discrete DNA fragments as replication intermediates on an alkaline agarose gel. After 10 minutes of synthesis a signficant fraction of the DNA product ran as a single band with a length of about I960 nucleotides. We have isolated this DNA fragment, hybridized back to unlabeled fd DNA template, and mapped the Taq I restriction fragments by urea polyacrylamide gel electrophoresis. This fine mapping procedure has located two major pause sites at fd nucleotide positions 5575 and 567*1. These sites reside in the stem of two very stable hairpin helices near the origin of DNA replication of fd. Models for the functional roles of these two hairpin helices are presented.
INTRODUCTION
The filamentous bacteriophage fd contains a circular, single-stranded DNA 6408 nucleotides in length. Schaller et al. (1) have located the origin for the synthesis of the complementary strand of fd within a DNA segment of 125 nucleotides centering around nucleotide position 5690 (see Ref. 2 for the numbering of the fd nucleotide sequence map). When the nucleotide sequence of fd DNA in the region of replication origin was scanned by a computer program which searches for potential secondary structure, a large number of hairpin helices were found (our unpublished result). No definite secondary structure has been assigned to this particular primary sequence of fd at present. Schaller proposed that there are at least four potential hairpin helices in this particular region (3) . We have recently detected the presence of secondary structures located near fd nucleotide position 5650 using Jk DNA polymerase C O . The fine structural features of the replication origin of fd, however, were not clear at that time because we were unable to determine the positions of the sites to sequence resolution. While the mechanism by which the onset of DNA r e p l i c a t i o n occurs has yet to be explored, the d e t a i l e d s t r u c t u r a l information presented here should f u r t h e r our understanding o f t h i s important b i o l o g i c a l process.
In t h i s communication, we have used r e s t r i c t i o n endonuclease Taq I and a polyacrylamide gel to determine the d e t a i l e d l o c a t i o n of the 3'~0H termini o f the r e p l i c a t i o n intermediates s t a l l e d near fd nucleotide p o s i t i o n 5650.
The f i n e mapping procedure has located two strong k i n e t i c pause s i t e s at posit i o n s 5575 and 567^. These positions reside in the stems of the two most stable h a i r p i n s of fd phage DNA in the region of r e p l i c a t i o n o r i g i n . Models for the f u n c t i o n a l role of these two hairpins are presented.
MATERIALS AND METHODS

Enzymes, DNA, and chemicals
The fd v i r a l DNA and the GACCCCC ribonucleotide primer were prepared as previously described (k) . The T*t DNA polymerase was a g i f t from Chung-Cheng Liu and Bruce M. A l b e r t s . The r e s t r i c t i o n endonuclease Taq I was purchased from Bethesda Research Laboratories.
[a-P] dATP CtlO Ci/mmole) was pur- 
GACCCCC-primed fd DNA synthesis
Solutions (38 y l ) containing 't.'l pg/ml T^ DNA polymerase, 3-5 ug/ml fd v i r a l DNA, 3.5 yg/ml GACCCCC, 0.1 mM dCTP, 0.1 mM dGTP, 0.09 mM dATP, 2 mM d i t h i o t h r e i t o l , 33 mM T r i s -a c e t a t e (pH 7 . 8 ) , 66 mM potassium acetate and 10 mM magnesium acetate were prepared at room temperature. An incubation was then c a r r i e d out at 30°C for 15 min to allow the extension of the RNA primer to proceed f o r two nucleotides to the p o s i t i o n where the f i r s t TTP is required.
The reaction mixture was then transferred to an Eppendorf tube containing [<X-32 P] dATP which had been dried by a stream o f N 2 -TTP (0.1 mM, f i n a l concentration) was added and chain elongation was allowed to proceed for 10 minutes.
P-labeled products were collected and analyzed by electrophoresis through an a l k a l i n e \% agarose g e l .
Elution of DNA from agarose gel
We have modified the method of Yang et a t . (5) to i s o l a t e DNA from agarose g e l s . F i r s t , the a l k a l i n e agarose gel was brought to neutral pH by soaking in 32 500 ml of 100 mM Tris (pH 7 . 5 ) . The s l o t containing P-labeled ONA fragments was s l i c e d and then counted. The gel s l i c e s of i n t e r e s t were located and then dissolved in 4 volumes of PEP b u f f e r at 37°C f o r 1 hr. A single 24 mm d i ameter GF/C f i l t e r was placed on a s intered-glass f i l t r a t i o n set under s l i g h t suction and washed w i t h 3 ml o f PEP b u f f e r . The dissolved agarose-DNA s o l ut i o n was passed through the f i l t e r at a flow rate of 0.5 ml/min. The GF/C f i l t e r was then rinsed w i t h 3 ml of PEP b u f f e r and 30 ml of 100% ethanol and f i n a l l y a i r -d r i e d ( f o r about 3 m i n ) . DNA was eluted from the f i l t e r by soaking i t in 0.4 ml of 2 mM T r i s (pH 7.4) and 0.2 mM Na EDTA for 5 min at 25°C.
The eluate was c o l l e c t e d and e l u t i o n was repeated twice more using 0. and G i l b e r t ( 6 ) , at 1000 V u n t i l the bromphenol blue had migrated about 33 cm.
P-labeled fragments were detected by autoradiography using Kodak X-Omat f i l m . The DNA fragment labeled as 1 in Figure 2 was eluted from the a l k a l i n e agarose gel as described in MATERIALS AND METHODS. A f t e r the isolated DNA fragments had been annealed to excess fd DNA template a t 65°C f o r 1 h r , the r e s u l t i n g The outer two c i r c l e s represent the physical map which shows the cleavage s i t e s o f r e s t r i c t i o n endonuclease Taq I.
The numbering f o r t h i s r e s t r i c t i o n map is the same as that i l l u s t r a t e d in Figure 1 . Note that the s t a r t i n g point o f GACCCCC-primed DNA synthesis o f f d ( i . e . , p o s i t i o n Its')) is located w i t h i n r e s t r i c t i o n fragment G. The t h i r d c i r c l e shows the genetic map. Genes are indicated by Roman numerals.
IG refers t o the intergenic region between genes I I and IV. The inner c i r c l e is divided i n t o ten equal physical map units w i t h the Hin II cleavage s i t e as the reference p o i n t . Furthermore, two a d d i t i o n a l fragments of 13 and 112 nucleotides were produced, as indicated by arrows (lane 1 ) . We i n t e r p r e t these two a d d i t i o n a l fragments to correspond to the sequence between the 3'~0H termini o f the s t a l l e d r e p l i c a t i o n i n t e rmediates and the Taq I s i t e at p o s i t i o n 5686 (see t e x t ) . Lane 2 shows fd DNA markers obtained by t r e a t i n g the long " r o l l i n g c i r c l e " DNA products made on an fd DNA template (4,7) w i t h r e s t r i c t i o n endonuclease Hpa I I . The numbers on the r i g h t side o f lane 2 denote the length o f these markers in number o f nucleotides.
treatment (see above).
In addition to these expected fragments, two additional fragments of 13 •a and hb, a s i g n i f i c a n t amount of radioactivity remained at the o r i g i n of the gel and a smaller fraction of radioactivity migrated as a fragment of at least 2500 nucleotides. This result could be due to a partial reassocia-
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DISCUSSION
In this study, a synthetic RNA primer, GACCCCC, was used to prime the fd DNA template by hybridization at nucleotide positions 1195-1201. As the T4 DNA polymerase moved along the fd DNA template, local regions exhibiting secondary structure functioned as roadblocks since the rate of polymerase movement through h e l i c a l region is orders o f magnitude slower than along less s t r u c t u r e d region o f the template C(,7). The k i n e t i c b a r r i e r s to continuous chain extension were mapped by s i z i n g the paused r e p l i c a t i o n intermediates on an a l k a l i n e agarose g e l . DNA synthesis o f fd by Jk DNA polymerase was delayed f o r a c h a r a c t e r i s t i c r e l a x a t i o n time o f about 20 min at the region near fd nucleotide position 5650 ( 7 ) , producing the fragment labeled in Figure 2 as 1 (about i960 nucleotides long) . R e s t r i c t i o n fragments 32 were produced by Taq 
FOOTNOTE 1
The a b b r e v i a t i o n s used a r e : PEP b u f f e r , 6 M NaClO^, 10 mM Na EDTA, and 50 mM potassium phosphate, pH 7; NaDodSO^, sodium dodecyl s u l f a t e .
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